The correlations of density, cell wall percentage, number of cells per cross sectional surface area, latewood percentage and ring width are analysed within growth rings, among rings of different widths, and among six Douglas fir trees of different vitality classes. There is a consistent, positive correlation between density, cell wall percentage and latewood percentage. Correlations of ring width with latewood percentage and density vary from tree to tree. For practical purposes latewood percentage can be used to explain c. 60% of the density variation. This parameter is recommended for rapid assessment of the impact of crown vitality on wood quality.
Introduction
Decline of conifer forests in North-west Europe, allegedly caused by direct or indirect effects of air pollution, and aggravated by natural stress factors such as drought, is mostly 'measured' by classifying crown appearance, using an estimate of needle loss (FAO-ECE 1986) . Absence or low incidence of older needle year classes negatively affects total photosynthetic productivity, eventually leading to a decrease in radial increment, especially in lower parts of the stem (Athari 1981; Athari & Kramer 1983; De Kort 1986; Gottsche-Kiihn 1988) .
Whether reduced wood production in trees from declining forests may also result in changes in wood quality remains a controversial issue: although in the literature no effects on end use quality have been reported (Bauch et aI. 1979; Eckstein et aI. 1981; FrUhwald et al. 1981 FrUhwald et al. , 1984 Bauch & Fruhwald 1983) , most authors report some changes in wood structure (e.g. Liese et al. 1975; Grill et al. 1979; Bauch et al. 1986; GottscheKiihn 1988) .
For Douglas fir, a species introduced in the Netherlands in the late 19th century and widely planted in the mid and late 20th century as a promising timber producer (now covering 6% of all planted forests), there is very little information on the relationships between crown appearance and wood quality paraineters. De Kort (1986) found significant growth reductions and changes in wood structure in severely stressed trees from a stand on poor soil and subjected to high N-Ioads from nearby intensive live-stock farming. On the other hand there is a large body of information on growth, yield and timber properties of Douglas fir from natural and planted forests in North America and several countries in North-west Europe (Keylwerth 1954; McKimmy & Nicholas 1971; Hapla 1981 Hapla , 1985 Hapla , 1986 Bodner 1984; O'Hara 1988; ]ozsa & Brix 1989) .
In the present study the relationships will be explored between density, reputedly the best wood quality predictor (polge 1966; Diaz-Vaz 1974; Lenz et aI. 1976; Panshin & De Zeeuw 1980; Zobel & Van Buijtenen 1989) and anatomical parameters such as cell wall percentage, number of cells per cross sectional area, early-/latewood ratio in rings of different width, and in trees of different crown appearance. The twofold aim is to increase our understanding of the mutual correlations of these parameters, and to select a parameter with optimal predictive value for density. Preferably the chosen parameter should be easy and cost-effective to measure in terms of time and necessary equipment For several, largely logistic reasons the choice of our material was limited to fairly young trees (c. 30-40 years old) from two nearby stands in the Netherlands. The use of young trees, moreover, makes sense because most stands showing decline symptoms in the Netherlands are of this age. Also young stands have been used for multidisciplinary studies in the Netherlands (Schneider & Bresser 1988; Evers et al. 1988; Mohren 1990 ), of which this study fonns an integral part.
This study, moreover, is part of a project relating vitality expressed as crown appearance with growth ring patterns, sapwood proportion and wood anatomical parameters of technological and functional significance in Douglas fir and pedunculate oak grown in the Netherlands (De Kort & Baas 1986; De Kort 1986 Van den Ancker et al. 1987) .
Material
From a large number of Douglas firs [Pseudotsuga menziesii (Mirb.) Franco] sampled in various stands in the Netherlands, six trees from two nearby stands in Delden (in the eastern part of the country) were selected with contrasting growth ring patterns (see Fig. 12 ). From the trees, which covered the whole range of crown appearance (Table 1) , disks had been sampled at breast height (c. 1.3 m). Vitality was based on crown appearance and subjectively estimated percentage of needle loss. Trees with less than IAWA Bulletin n.s., Vol. 12 (4),1991 c. 25% needle loss are considered vital; less vital trees have a needle loss of c. 25-50% and non vital trees show more than c. 50% needle loss.
Methods

Density
Total ring width, latewood width and density were detennined using the radiodensitometrical equipment of the Swiss Federal Institute of Forestry Research in Birmensdorf. For a complete description of the method see Polge (1963; 1966) and Lenz et al. (1976) . Two or three samples (c. 0.5 cm wide and 2 mm thick) along the complete radius were taken from each disk; although the first 1-8 juvenile rings from the pith were not always available for study (see Table 1 ). After acclimatisation for one night at 20°C and relative humidity of 50% the samples were X-rayed for 90 min. (12 kV, 20 Ma, distance 2.5 m) on a special X-ray film (Kodak X-Omat TL) and after development the film was densitometrically analysed. The equipment provides a continuous density profile of the complete radius. Wood with a density higher than 0.55 g/cm 3 is arbitrarily considered as latewood. Visual inspection showed that when the measured density was near 0.55 g/cm 3, most tracheids usually were latewood according to Mork's definition (2 x radial double cell wall thickness more than radial lumen width, see Denne 1988) . However, in some rings even at densities higher than 0.55 g/cm 3 , no latewood occurs according to this fonnula. 
Cell wall material and number of cells per non vital tree showing growth reduction from area
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The relative amount of cell wall material in most frequently in trees of low vitality clasa growth ring was determined using the pointses as judged by crown appearance (e.g., counting method suggested by Toth (1982) Fig. 12 in this study; De Kort 1986; Van den and Ifju (1983) . The number of points over- Ancker et at. 1987) . Rings between 0.28 and laying cell walls was counted in a square 1.25 mm wide, not represented in the six 12 I-points grid in the ocular of a light microtrees studied were selected from an extra, scope and using a - resin canals were not avoided; of the ray cells only points on walls in cross section were counted. The ratio of the number of points on cell walls and the total number of points, mu1-tiplied by 100%, is an accurate measure of the percentage of cell wall material. In each growth ring 10 radial series from earlywood to latewood were counted. The number of cells per area was counted using the same grid eyepiece micrometer (now using a x 10 objective) in ring areas identical to those used for cell wall percentage determination.
Results
Density profiles and anatomical parameters within rings
In Figure 1 (right) a typical density profile is given of non vital tree (f) with both wide and very narrow rings, together with the variation in cell wall percentage. The close agreement between cell wall percentage and density within rings is also expressed by the highly significant linear regression with a very high explanatory value (r2 x 100%, Table 3 ). This relationship holds for both the vital (a) and the non vital tree (f) ( Table 3 ). In Figure 1 the latewood of 1975 shows a socalled false ring, reflected in low peaks of density and cell wall percentage. In some rings up to six of such zones with a higher density in the latewood occur. The variation in earlywood density is much less; minimum density almost always occurs at the ring boundary or more commonly at a short distance. Maximum density mostly occurs near the last formed latewood, although frequently the maximum is well before the ring boundary. The transition from earlywood to latewood varies from gradual to abrupt, independent of ring width. The very narrow rings in Figure 1 show a low maximum density, even to the effect that these rings could be said not to contain any latewood according to the arbitrary borderline of 0.55 g/cm3, or to Mork's definition. In the years 1977 and 1983 no growth ring was formed in this part of the disk, while in other years the rings are incomplete (see arrows in Figure 1, left) . Although the ring of 1976-was also very narrow, the density and cell wall percentage in the latewood are similar to those of the wider rings. Table 3 also shows the highly significant correlations between tracheid number (as inversely proportional to cross sectional tracheid size) and between density and cell wall percentage. (N.B., the rings formed after 1977 in the non vital tree f are excluded from this analysis, because the stereological method used does not enable variation within such narrow rings to be measured accurately.) Although the relationships between density and cell wall percentage are virtually identical in both trees, there are slight differences in the mutual relationships of tracheid number with these parameters.
Correlations in the ring width series
Figures 2-11 illustrate the correlations that exist between density (DE), ring width (RW), cell wall percentage (CW), number of cells per area (CA) and latewood percentage (L W) within the selected 23 growth rings. Although all correlations shown are significant and explain over 30% of the recorded variation, the only highly predictive correlations are those between density and cell wall percentage (Fig. 2, r2 x 100% = 93%), be- (Fig.  3,86% ) and between cell wall percentage and latewood percentage (Fig. 4, 80%) . A multiple regression of density on cell wall percentage and latewood proportion yields the highest predictive value: The relationship between cell wall percentage and density in the ring width series is similar to the one within the growth rings (cf. Fig. 2 and Table 3 ).
Variation among trees
Figures 12, 13 & 14 illustrate the variation with age of ring width, whole ring density, and latewood percentage at breast height in the six Douglas firs from Delden. Vital tree a has the widest average growth rings (highly significant) among all trees, hardly diminishing in width with age. Non vital tree f shows an abrupt growth reduction from 1976 onwards; less vital tree e shows a similar phenomenon, but less dramatically from 1978 onwards with a recovery starting in 1984. The remaining three less vital trees are very similar to each other and show a fluctuating but gradually decreasing ring width, aggravated in the last one or two growing seasons before felling. The density variation differs little among four of the trees (Fig. 13) , the non vital tree f shows a strong decrease in density starting one year after the growth reduction. Less vital tree d is exceptional in showing a gradual increase in density throughout from the juvenile wood outwards. (N.B., the first 7 rings from the pith were not available for study.) Latewood percentage variation is similar to the density variation (Fig. 14) .
In Figures 15, 16 & 17 the regression lines for the various combinations of whole ring density, latewood percentage and ring width are shown for all studied rings of each individual tree (as far as the relationships in the trees were statistically significant). The effect of cambial age on the three parameters can be taken from Figures 12-14.
Although many of the correlations shown are statistically highly significant the explanatory values are only consistently high (44-70%) in the relationships between density and latewood percentage (Fig. 17) . The high correlation coefficient and the type of correlation between ring width and latewood percentage and ring width and density in non vital tree f (Figs. 15 & 16) are exceptional. This is due to the presence of many exceptionally narrow rings with hardly any hardwood (cf. Fig. 1) .
Note that the relationships between ring width and latewood percentage and between ring width and whole ring density are often quite different from the regressions shown for the selected rings (compare Fig. 10 with Fig. 15 and Fig. 11 with Fig. 16 ). The only correlation which is very similar in the individual trees and the selected rings is that between latewood percentage and density (Figs. 3 & 17) , although there is some fluctuation among trees.
Discussions and Conclusions
The comparison of different anatomical parameters with density measurements within rings, in the selected tree ring series covering all widths formed by a cambium of 10 years or older, and in six individual trees of different vitality classes, clearly indicates the close correlation between density, cell wall percentage and latewood percentage. The former relationship is of course entirely according to expectations, because relative amount of cell wall material is virtually the only determinant CW=32714/CA + 11.23 n= 17 r=0.549 (30%). 8: Ring width (RW, in rom) and number of cells per area (CA, in number/mm2). CA =-21.42(RW)2 + 1697.9 n= 17 r=0.745 (55%). 9: Ring width (RW, in rom) and cell wall percentage (CW). CW = 3.6791nRW + 33.72 n=23 r=0.653 (43%). 10: Ring width (RW, in rom) and latewood percentage (LW). LW = 7.2421nRW + 34.91 n = 23 r = 0.722 (52%). 11: Ring width (RW, in rom) and density (DE, in g/cm 3). DE = 0.04471nRW + 0.442 n = 18 r= 0.718 (52%). 1950 1960 1970 1980 1990 12 of density in softwoods like Douglas fir, where the amount of extractives is limited (Uprichard 1978) . A strong and positive correlation between latewood percentage and density or cell wall percentage is also expected, but the precise relationship is not a forgone conclusion, because both latewood and earlywood density may vary independently. In the Douglas fir trees studied earlywood density is almost constant, but intermediate and latewood density vary within a ring, and maximum latewood density is significantly lower in very narrow rings less than 0.5 mm thick, which only occurred in the non vital tree. Friihwald et al. (1984) found in a few exceptional narrow rings of spruce also a lower ring density.
The correlation between density and cell wall percentage is important for the 'translation' of wood anatomy into wood quality; elasticity and bending strength of wood largely depend on density (Eckstein et al. 1981; Friihwald et al. 1981 Friihwald et al. , 1984 . Our results indicate that cell wall percentage and thus density can be predicted to a great extent by the ratio of early-and latewood.
Despite minor differences among trees and growth rings the strong and positive relationships between density, cell wall percentage and latewood percentage can be confidently generalised for Douglas fir (see also Hapla 1981) . This is not the case for the relationships between various other anatomical parameters reported for the selected growth ring series of different width. Because among trees the variations between ring width and latewood percentage or density can differ considerably, one also has to accept that the associated anatomical parameters such as cell wall percentage, and number of cells per surface area do not show a constant relationship with growth ring width in different trees. Nevertheless the correlations shown in Figures Gottsche-Kiihn (1988) , Gottsche-Kiihn et at. (1988) and Liese et at. (1975) found an increased number of cells per area, while Eckstein et al. (1981) and Krapfenbauer et at. (1985) reported a decrease in number of cells per area.
Crown appearance as judged by estimates of percentage needle loss must somehow affeet wood formation. Unfortunately, the number of trees studied in each of the three vitality classes is too limited to infer a general relationship of wood formation, wood quality parameters and crown appearance. The two extremes: vital tree a and non vital tree j show very significant differences in wood production, but the less vital trees cover a large range of tree ring patterns which cannot be explained by crown appearance. In earlier studies of Douglas fir from other stands (De Kort 1986; Van den Ancker et al. 1987 ) similar results were obtained: only some extreme manifestations of crown vitality are reflected in tree ring patterns but the relationship may well be quite weak. In a future study (De Kort in prep.) the relationships of crown vitality class and variation in tree ring width and latewood percentage will be further analysed for a much larger sample (173 trees from 10 stands). The present results on the Fig. 12 . Growth ring patterns of the six investigated trees; tree a vital needle loss 10% ( -B-); tree b less vital needle loss 25% (-+-); tree c less vital needle loss 30% ( ~ ); tree d less vital needle loss 30% ( ~ ); tree e less vital needle loss 40% ( --*-); tree f non vital needle loss 60% (--A--). 
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latewood/cell wall percentage/density relationships will allow a fairly accurate estimate of density and biomass production using latewood percentage and ring width in a simple model:
Average annual wood production = RW x DE = RW x (Cl x LW+C2)
The question whether wood properties are affected by decreased vitality also cannot be unambiguously answered on the basis of the very limited number of trees studied. However, only the extremely narrow rings in the non vital tree f deviate in maximum latewood density and in a number of other parameters (Figs. 8-11 ) and can be predicted to be of inferior wood quality. This is in agreement with results from other stands and species (Liese et a1. 1975; Grill et a1. 1979; Krapfenbauer et a1. 1985; De Kort 1986; GottscheKUhn 1988) where only non vital trees with exceptional growth reductions showed deviating wood structure. End use quality of the entire bole in such trees is never affected. In general the preliminary results on six trees presented here indicate that wood density and other wood quality parameters are not affected by crown vitality.
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